This paper deals with the indirect evaluation of the natural wet bulb temperature, t nw , one of the two quantities forming the basis of the well-known wet bulb globe temperature (WBGT) index, considered worldwide to be a suitable and user-friendly tool for the preliminary assessment of hot thermal environments. This quantity can be measured by a wet bulb thermometer (a temperature sensor covered with a wetted wick naturally ventilated) or, if this is not available, calculated from other microclimatic parameters (i.e. the air temperature, the globe temperature, the air velocity, and the humidity) using a quite trivial energy balance equation. Because of the strong non-linear structure of such an equation, the risk of a multiplicity of steady state solutions could result in the failure to obtain a reliable index evaluation. To dispel all doubts, this work carries out an in-depth analysis of the heat balance equation to be solved for the indirect evaluation of the natural wet bulb temperature. A preliminary investigation of each heat flow term involved in the heat balance on the sensor has been carried out; in a second phase a special continuation method has been implemented, highlighting the effect of microclimatic parameters on the multiplicity of solutions. Results show that under free convection the evaluation produces a single solution only under uniform conditions, whereas in the presence of even slight differences between the air temperature and the mean radiant temperature, there can be as many as three solutions. This phenomenon, if confirmed by a further experimental investigation, could become a difficult matter since a sensor, in principle, has to read a unique value of the quantity measured. In any case, from a numerical point of view, the presence of many values of t nw greatly reduces the possibility of an indirect WBGT calculation from the other involved physical quantities; as a consequence, the indirect evaluation of WBGT should be clearly avoided based on ISO 7243 Standard.
INTRODUCTION
The need for a quick and reliable index able to assess the environmental heat stress is a topic still fiercely debated by both occupational hygiene and biometeorology specialists. This has been further encouraged by the COST Action 730, completely committed to the formulation and the validation of the Universal Thermal Climate Index (Bröde et al., 2009 (Bröde et al., , 2011 . As a consequence, the different approaches have led to the formulation of several indices in the effort to reach a balanced compromise between a reliable assessment, an easy calculation, and a reduced number of measurements (d'Ambrosio Alfano et al., 2011) .
In 1957, Yaglou and Minard introduced the wet bulb globe temperature (WBGT) index proposed by CEN and ISO as a preliminary tool for the assessment of hot thermal environments (ISO 7243, 1989) . Its formulation, despite continuous investigation by the scientific community over the last 50 years, has not changed Parsons, 2006; Mochida et al., 2007; Budd, 2008; Gaspar and Quintela, 2009 ). This index combines the measurement of two derived quantities, the natural wet bulb temperature, defined as the temperature indicated by a sensor covered with a wetted wick naturally ventilated, and the globe temperature or the air temperature; in this way, all of the heat transfer phenomena affecting the thermal sensation (evaporation, convection, and radiation) are summarized in only three measurements. The index is calculated as follows: 
To assess the thermal environment with the value of WBGT obtained with equation (1) or (2), a comparison is required with limit values related to the metabolic rate, the acclimatization status, and the air movement (see Table 1 ).
Although WBGT seems not to be related to other physical quantities, which usually appear in the heat balance of the human body (McIntyre, 1980; Parsons, 2003) , it is noteworthy to highlight that t g depends on the air temperature, the mean radiant temperature, and the air velocity (ISO 7726, 2002) , whereas t nw is also related to the humidity (Sullivan and Gorton, 1976; Azer and Hsu, 1977) ; therefore, its indirect evaluation requires the measurement of four quantities.
According to a review by Budd (2008) , an impressive number of papers have been devoted to the WBGT index: some have concerns about its reliability and seek to introduce special corrections related to its inability to take into account the metabolic rate of the subject as well as both the thermal insulation and the vapour permeability of clothing (Bernard, 1999; d'Ambrosio et al., 2004; Bernard et al., 2009) , whereas other authors attempt to introduce other indices as more reliable indicators of hot stress induced by both the special working situation and climatic impact through combined experimental and theoretical investigations. Finally, due to its worldwide dissemination, other papers address its indirect evaluation from the above-quoted microclimatic quantities (Buonanno et al., 1998 (Buonanno et al., , 2001 Gaspar and Quintela, 2009) . Previous papers devoted to this topic proposed easy numerical procedures based on the heat balance equation on the sensor and special correlations based on the analogy between heat and mass transfer phenomena (Malchaire, 1976; Sullivan and Gorton, 1976; Azer and Hsu, 1977) . Malchaire, in an earlier study, used a combined experimental and regression analysis to find a correlation between the main physical quantities and both the globe and the natural wet bulb temperatures. This possibility was discussed several years later by Brake (2001) and Buonanno et al. (2001) who highlighted a significant uncertainty in the calculation of the t nw by means of correlations (up to 1.5°C) under forced controlled conditions even greater than the accuracy specifications required by the ISO 7243 Standard (see Table 2 ). In a paper by Gaspar and Quintela (2009) , aimed at the formulation of a special procedure for the assessment of the WBGT from meteorological data, an enhanced model of radiative heat flows combined with new heat and mass transfer correlations was introduced. Notwithstanding this enhanced modelling, the authors demonstrate a systematic overestimation of both t g and t nw of about 1.0-1.4 and 0.6-1.1°C, respectively, which they try to eliminate by introducing a special correction for the wind profile under outdoor conditions. This structural uncertainty seems to be quite a tricky matter not only for the evaluation in situ of the working situation in the absence of a globe or a natural wet bulb sensor but also for a preliminary Alfano et al., 2007) . Moreover, although the ISO 7726 Standard makes explicit reference to which correlation must be used for the calculation of the heat transfer coefficient of the globe, h c,g , no equations have been formulated for the wet wick sensor, both under still and forced convection. This omission is even more problematic because the ISO 7726 Standard does not specify the minimum air velocity value that is consistent with forced convection. In any case, regarding the indirect calculation of t g , ISO 7726 suggests using the greater value of h cg from among the natural and the forced ones, and, according to Table 3 , the measurement ranges of the air velocity in Class S would seem to reflect situations in which the air conditions are quite still, such as v a < 0.20 m s −1 (ISO 7726, 2002) . There is another crucial factor that must be highlighted: the systematic uncertainty of t g and t nw reported in the literature could be related to the highly non-linear mathematical structure of heat balance equations on which both quantities are based rather than the unreliability of heat and mass transfer correlations or measurements. In other words, are we really sure that a microclimatic situation characterized by one value of the air temperature, the mean radiant temperature, the air velocity, and humidity has only one value of t g and t nw ? Concerning the globe temperature the answer is almost trivial because the temperature read by the sensor installed inside the black globe (ISO 7726, 2002) is the result of the equilibrium between radiative and convective flows. On the other hand, the steady state value read by the wet bulb sensor is the result of the equilibrium between the energy flow required for the evaporation of the water and the overall heat flow by convection and radiation. Therefore, in principle, more values of convective and radiative heat flows could return the same heat flow required for water evaporation on the wick. As a consequence, the sensor placed inside the wet wick could measure different t nw values under the same microclimatic condition in terms of wet heat loss; conversely, the same t nw value could be related to more microclimatic conditions. This phenomenon is well known in several chemical and mechanical engineering applications (Aris and Amundson, 1958; Levenspiel, 1972; Hale and Koçak, 1991; Pirone et al., 2000) .
The above-cited information focuses the analysis on the equations on which the indirect evaluation of the natural wet bulb temperature is based. This study is carried out in three steps: in the preliminary phase, we deal with the behaviour of each heat flow term involved in the definition of both t g and t nw in order to highlight the result of a multiplicity of solutions for the heat balance equation on both sensors. In the second phase, in order to discover the range of microclimatic conditions leading to multiple values of t nw for the same thermal environment, numerical results of a bifurcation analysis carried out through a special continuation algorithm are thoroughly discussed. Finally, the results of the indirect evaluation of the t nw have been used to highlight the ambiguity of the heat stress assessment by means of the WBGT index.
METHODS
In principle, the evaluation of the WBGT index requires neither a globe nor a wet bulb thermometer; in fact, the globe temperature can be evaluated from the mean radiant temperature, the air temperature, and the air velocity (ISO 7726, 2002) , whereas the wet bulb temperature can be obtained from the air temperature, the humidity, and the mean radiant temperature (ISO 7243, 1989) . In any case the indirect Table 2 . Main requirements for the instruments devoted to the WBGT index evaluation (ISO 7243, 1989 evaluation of WBGT index by measuring the dry bulb temperature, the mean radiant temperature, the humidity ratio of the moist air and, finally, the air velocity requires an in-depth analysis of mass and energy balance equations related to the calculation of the globe and the natural wet bulb temperatures. In the first elementary phase, each heat flow term has been analysed as a function of the four microclimatic parameters by which each is affected (t a , t r , v a , RH).
Energy balance on the globe thermometer
Concerning the globe temperature, defined as the temperature indicated by a sensor placed in the centre of a globe having standard characteristics (see Table 2 ), the energy balance equation under steady state conditions applied to the external surface of the sensor can be written as follows:
where
and
The calculation of the convective heat transfer coefficient of the globe has been carried out by making use of special correlations suggested by ISO 7726 Standard (ISO 7726, 2002) under both natural and forced convection (see Table 4 for details).
Energy balance on the natural wet bulb thermometer
Regarding the natural wet bulb temperature, the heat balance equation structure appears slightly different due to the presence of the evaporative heat flow and the different correlations related to the different geometry of the sensor (see Table 2 ):
with q h t t c c ,n a n w
Special care must be given to the equations (7) and (8) because neither ISO 7243 nor ISO 7726 specify equations/correlations for the calculation of the heat transfer coefficient; this omission is not an insignificant matter because under natural convection conditions the geometry of the wick (a vertical slender cylinder) requires the use of non-standard correlations. In particular, the reduced diameter-height ratio of the wick invalidates the use of correlations, which Table 4 . List of correlations used for the evaluation of the coefficients in heat and mass transfer equations at the base of globe and natural wet bulb temperature.
Parameter Symbol Equation References
Convective coefficient of the globe under free convection h c,g 1 4 . ISO 7726 (2002) and ASHRAE (2009) usually refer to vertical walls where the characteristic dimension for the heat transfer is the height (Churchill and Chu, 1975; Dernedde and Gilbert, 1991; Bejan, 1993; Corcione, 2005) . Due to these peculiarities, Churchill and Chu's correlation has been used in this paper (see Table 3 for details), with air properties evaluated at the film temperature (ASHRAE, 2009) . Finally, the evaluation of the evaporative mass transfer coefficient has been effected using the Lewis equation (ISO 7726, 2002; ASHRAE, 2009) , based on the well-known Chilton-Colburn analogy. The investigation of equations (3) and (6) will be primarily discussed under both uniform (t a = t r ) and nonuniform conditions (t a  t r ) by varying t a , t r , RH, and v a (only under forced conditions).
Bifurcation analysis
In order to highlight the presence of more steady state values of t nw under a specific microclimatic situation, a special continuation method (Hale and Koçak, 1991) has been implemented (see Appendix for details).
RESULTS AND DISCUSSION
In Figs 1-4 the behaviours of thermal flows involved in equations (3) and (6) were depicted as a function of the main microclimatic parameters and the temperature of the sensors.
Heat flow analysis around the globe According to profiles depicted in Fig. 1 , for a fixed value of t a and t r under natural and forced convection conditions, both heat flows involved in equation (3) exhibit a monotonic profile as a function of the globe temperature. As a trivial consequence, equation (3) shows only one steady state solution consistent with the attainment of the equilibrium between the heat flows by convection and by radiation.
Heat flow analysis around the wet bulb
Based on the curves shown in Fig. 2 , the indirect evaluation of the natural wet bulb temperature is a (Fig. 2b) to 17°C (Fig. 2c) , as many as three equilibrium values (t nw,1 , t nw,2 , and t nw,3 ) consistent with the energy balance expressed by equation (6) have been found at 25°C. Moreover, the difference between the three obtained solutions appears very significant (from 1.2 to 5.0°C in Fig. 2d and c, respectively), with the consequent ambiguous assessment of the WBGT value. In fact, under indoor conditions for t nw = t nw,1 the WBGT value corresponding to the microclimatic situation as given in Fig. 2b is 23.4°C instead of 26.5°C for t nw = t nw,2 . At this point it is a legitimate question of which of them can be considered acceptable from a physical point of view. Following the same approach of continuous stirred tank reactors (Levenspiel, 1972) , a survey of the local stability of each value can provide some useful indications.
Low-and high-temperature solutions: t nw,1 and t nw,3
The stability of the minimum and the maximum t nw values can be illustrated by altering each steady state solution by a small amount. Particularly if t nw,1 and t nw,3 are altered by a small positive amount, one observes that the evaporative heat flow E exceeds the overall convective and radiative flow (q r + q c ). Thus, the wick will tend to become cold as a result of the lack of energy necessary to sustain the evaporation of water. Similarly, a small decrease of t nw,1 and t nw,3 will result in the thermal flow coming from the environment being exceeded by the heat flow required for the evaporation. As a consequence the wick will adapt to the new equilibrium through its heating. In brief, both high-and low-temperature solutions are stable and physically meaningful.
Middle-temperature solution: t nw,2
Due to the shape of the curve modelling the evaporative flow, it is easy to observe (see the box in Fig. 2b ) that in the presence of small positive shifts of t nw,2 , the wick will receive an overall heat flow by radiation and evaporation higher than the evaporative (q r + q c > E). As a consequence the wick will reach a new equilibrium by warming up to the high-temperature solution t nw,3 . Similarly, a shift to the left of t nw,2 will cause the wick to reach an equilibrium up to t nw,1 . As a consequence the middle-temperature value must be considered unstable. A simple analytical expression demonstrating the local stability of the solution is as follows:
The analysis of thermal flows in the t nw previously reported evaluation highlights the effect of the nonuniformity of the environment on the phenomenon of multiple t nw values, which is consistent with the energy balance around the sensor under steady state conditions. In any event, the attainment of the equilibrium between the evaporative and the overall convective-radiative flows around the sensor is also affected by humidity; therefore, the analysis of thermal flows has been extended to different humidity ratio values as shown in Fig. 3 . From the curves in Fig. 3 , three different solutions consistent with equation (6) Fig. 3b and d, respectively) . Therefore, the phenomenon of manifold values for the natural wet bulb temperature is strongly activated by the difference [t r − t a ] and humidity under natural convection; whereas, from the curves in Fig. 4 , when the analysis under forced convection is carried out, only one steady state solution has been found. This occurrence not only suggests avoiding the indirect evaluation of t nw at negligible air velocities (below 0.20 m s −1 , according to the ranges reported in Table 3 ) but also reduces the reliability of the measurement, because in principle the sensor could measure the high-or low-temperature value, depending on the initial conditions of the measurement (Aris, 1958; Levenspiel, 1972) . Therefore, the systematic difference between measured and predicted t nw values reported in literature (Buonanno et al., 2001, Gaspar and Quintela, 2009 ) could be traced not to a lack of modelling heat and mass transfer phenomena but to the physical nature of the system that structurally exhibits more than one equilibrium condition (Aris, 1958; Levenspiel, 1972) .
In principle, we cannot exclude that thermoregulation models based on the heat balance equation on an irradiated surface in the presence of both convection and evaporation flows lead to different steady state solutions under natural convection conditions on naked skin or a clothed surface. In fact, on a naked surface the mathematical structure of the heat transfer equation is similar to that exhibited by a wet wick (Stolwijk, 1970) , but in the presence of clothing (Fiala et al., 2001; Tanabe et al., 2002; d'Ambrosio Alfano et al., 2008) , the evaporation rate is obtained, taking into account the vapour resistance of clothing, the air boundary layer, and the pumping effect (Parsons et al., 1999) . As a consequence, the mathematical structure of equation (9) changes slightly as the driving force of the evaporation should be divided by the total water vapour resistance, R e,T , defined as follows (Alfano et al., 1989) :
e,a cl = + .
On the basis of equation (11), the appearance of more steady state values for t nw is strictly related to the R e,cl /R e,a ratio. In other words, in the presence of low values for the clothing vapour resistance, the evaporation rate is mainly due to the vapour resistance of the air boundary layer, and then R e,T = 1/h e . As a consequence, natural convection conditions will produce the same behaviour as a wet wick. On the contrary, at high R e,cl values the vapour resistance of the air becomes negligible, and the evaporation rate is calculated by dividing the driving force in equation (9) by a constant value with a numerical behaviour similar to that observed for the evaporation rate under forced convection. From this perspective the PHS model (Malchaire et al., 2002) does not seem to be affected by this problem, since both the required and the maximum evaporation rates are calculated by means of the preliminary calculation of the total evaporative resistance of the clothing and the boundary air layer Parsons et al., 1999; Malchaire, et al., 2002) .
Bifurcation analysis of heat balance equations on the wick
In order to highlight the effect of the mean radiant temperature and the humidity ratio on the t nw evaluation, a bifurcation analysis based on the continuation method, reported in the appendix, has been implemented. The results have been summarized in Fig. 5 by plotting t nw versus t r for different values of the air temperature.
The values plotted in Fig. 5 clearly prove that at each investigated air temperature value the presence of a saddle-node bifurcation (Hale and Koçak, 1991;  
(c). t nw is the value obtained by solving equation (6).
Downloaded from https://academic.oup.com/annweh/article-abstract/56/9/1063/165627 by guest on 07 February 2019 Continillo et al., 1995) can be revealed. In particular, at each air temperature value, a range of mean radiant temperature values [t r,crit,1 , t r,crit,2 ] has been found, which, in equation (6), exhibits three solutions. It is noteworthy that the range of values of the mean radiant temperature consistent with such phenomenon appears to be promoted by the air temperature. In fact, the difference between the two critical values increases from 7.8 to 13.2°C by increasing the air temperature from 20 to 30°C. The minimum difference between the critical lower t r value and the air temperature seems to be promoted by the air temperature as well. In any case, such effect appears to be milder, because by increasing the air temperature value from 20 to 30°C, the difference, t r,crit,1 − t a , only increases from 5.2 to 8.2°C. Since the humidity obviously affects the heat balance equation on the sensor, in order to highlight its effect on the above-discussed behaviour, the bifurcation analysis has also been carried out by varying the hygrometric ratio in the range from 10 to 90% as shown in Fig. 6 . The analysis of the profiles shown clearly demonstrates how the saddle-node bifurcation can take place, in principle, at every humidity value. In particluar, increasing the relative humidity results in a significant reduction of the difference t rcrit,1 − ta, which varies from 11.5 to 1°C when RH is increased from 10 to 90%. Moreover, as an obvious consequence of the decreased efficiency of evaporative heat exchange from the wet wick, the saddle-node bandwidth is significantly reduced by the RH rise (from 20°C at RH = 10% to just 1.9°C at RH = 90%). Finally, the analysis of profiles shown in Fig. 6 clearly shows that in the saddlenode bifurcation zone, the difference between the high and the low t nw values is markedly reduced by the increasing humidity; in fact at RH = 10% and t r = t r,crit,1 the difference [t nw,3 − t nw,1 ] was about 9.0°C, whereas at RH = 90% the difference [t nw,3 − t nw,1 ] was just 1.0°C. The effect of humidity has been finally investigated in a wider range of conditions also by changing the air temperature (from 15 to 30°C) as shown in Fig. 7 . Results seem to further confirm the above-cited phenomenon with an additional promoting effect due to the air temperature. In fact, at RH = 50% the hysteresis bandwidth changes from 5.7 to 12.8°C by changing the air temperature from 15 to 30°C.
The relationship between the natural wet bulb temperature and the psychrometric wet bulb temperature
Although under forced convection conditions the indirect evaluation of t nw is not affected by the circumstance of a variety of steady state solutions, further discussion of this matter is necessary since the natural wet bulb temperature is misused as an indicator of the humidity of the environment in place of the psychrometric wet bulb temperature, t w (ISO 7726, 2002; ASHRAE, 2009 ). This aspect has not been investigated much in the past, and the only two papers devoted to the matter tried to find an empirical correlation (Malchaire, 1976) between t nw and the main microclimatic parameters (particularly t g , t a , RH, and v a ) or a numerical method to obtain t nw from standard psychrometric measurements (Brake, 2001) .
To check the reliability of above-cited correlations under forced convection conditions (where only a t nw value can be found) and find a certain relationship between t nw and t w , we have compared the difference between t nw and t w with those predicted by a correlation proposed by Malchaire (1976) This analysis (see Table 5 ) has been carried out in the range of v a from 0.1 to 1.0 m s −1 , both under uniform and non-uniform conditions, with (t r − t a ) up to 20°C. Table 5 . Comparison between the natural wet bulb temperature and the psychrometric wet bulb temperature predicted according to equation (12) and the correlations quoted in Table 4 .
Malchaire ( On the basis of the obtained results we can state the following:
• Due to the presence of the radiative flow on the wick, the equilibrium temperature reached by the sensor is always greater than the psychrometric wet bulb temperature (Malchaire, 1976; Brake, 2001) . As a consequence of the increase of the radiative heat flow, the difference [t nw − t w ] appears to be promoted by the mean radiant temperature (Brake, 2001) . In fact, increasing the mean radiant temperature from 20 to 40°C resulted in an increase of the difference [t nw − t w ] from 2.0 to 5.2°C for t a = 20°C, RH = 10%, and v a = 0.10 m s −1
. Such a phenomenon is obviously reduced by the increase of the relative humidity as a consequence of the reduction of the evaporative heat flow.
• From a quantitative point of view, the equation proposed by Malchaire (1976) appeared to strongly agree with our predictions. A meaningful difference has been revealed only under uniform conditions (t g = t r = t a ) and at low values of the hygrometric ratio, probably due to the mathematical structure of equation (12) that cannot take into account the direct effect of the radiation when t g − t a = 0. In particular, under the conditions posited by equation (12), the difference between the psychrometric wet bulb and the natural wet bulb temperature is only affected by the air temperature and the hygrometric ratio. Conversely, the natural wet bulb temperature is affected by the air velocity and, especially, by the mean radiant temperature [see equations (7) and (8)]. At higher air velocity (v a = 1.0 m s −1 ) due to the increase of the heat transfer by convection (and evaporation), the predicted difference between t nw and t w is often negligible under very humid conditions and appeared only slightly different to that obtained by Malchaire.
Effect of the t nw multiplicity on the assessment of the working situation using the WBGT index
In the previous sections it was unambiguously proved that under natural convection conditions and in nonuniform environments in a fixed measured microclimate (e.g. at a fixed triplet of t a , t r , RH values) the indirect evaluation of the natural wet bulb temperature does not result in a single solution. The consequent effect on the thermal environment assessment by the WBGT index has been preliminarily studied by evaluating the WBGT index on the basis of the set of t a , t r , RH triplets reported in Table 6 . According to these data, the existence of two different WBGT values precludes a reliable use of the method, especially if the WBGT limit value of the working situation (which depends on the acclimatization status and the metabolic rate of the person given in Table 2 ) is in the range of the two WBGT evaluated values, as several cases reported in Table 6 seem to confirm. Particularly, concerning the analysis of an 8-h continuous work situation for non-acclimatized persons we can state as follows:
• At low metabolic rate (WBGT lim = 29°C), although the presence of two t nw stable solutions results in two different WBGT values, they are both less than WBGT lim . Only for t a = 30°C and high t r − t a differences does the limit value fall into the range of the two evaluated values. For instance at t a = 30°C, t r = 45°C, and RH = 30%, the lower WBGT value (28.1°C) is consistent with 8 h continuous work, whereas the second (32.9°C) has to be considered dangerous.
• At a moderate metabolic rate (WBGT lim = 26°C) the ambiguity induced by the saddle-node bifurcation starts to be more frequent with a dramatic increase of ambiguous assessments of working situations. In fact, for t a = 25°C, only a slight t r − t a difference at RH = 70% results in two conflicting WBGT values (24.5 and 26.1°C).
In order to highlight the ambiguous assessment of WBGT graphically, Fig. 8 , on a psychrometric chart, the air temperature-humidity ratio curves corresponding to a fixed WBGT lim value under still air have been displayed for different t r − t a values. Usually these curves split the psychrometric chart as safe and unsafe areas (Sullivan and Gorton, 1976; d'Ambrosio Alfano et al., 2007 ; unfortunately the presence of the cusp related to the mathematical structure of equations used for the calculation of the heat transfer coefficient makes them quite useless and further emphasizes the impossibility of using the WBGT index for an indirect assessment of the heat stress. In fact, according to the limit curves depicted in Fig. 8 , for RH = 50% and t r − t a = 15°C, it is impossible to calculate a limit air temperature consistent with 8 h of continuous work because the same WBGT lim value can be obtained for the same humidity value (50% in the figure) at three different air temperature values (26.1, 26.3, and 28.3°C for WBGT lim = 29°C and 23.1, 23.5, and 24 .4°C for WBGT lim = 26°C). Moreover, according to above-quoted findings, the region of the psychrometric chart characterized by this ambiguous assessment appears to be made greater by the increase of the difference between the mean radiant temperature and the air temperature and the decrease of the humidity ratio.
The sensitivity of t nw at lowest air velocity and its effect on the WBGT index
The ambiguity resulting from cusp-shaped relationship of the heat transfer coefficient on the wet wick under natural convection conditions led us to investigate the possibility of smoothing the WBGT limit curves, shown in Fig. 8 , by forcing the correlations of forced convection at lowest air velocity values. To this aim the effect of the air velocity on the WBGT limit curves at values near to the sensitivity of measurement devices of C and S classes (see Table 3 ) has been investigated. In particular, curves displayed in Fig. 9 show a significant sensitivity of iso-WBGT curves to air velocity. This phenomenon appeared to be increased by the difference between the mean radiant temperature and the air temperature. In fact, at (t r − t a ) = 5°C, changing v a from 0.01 to 0.02 m s −1 resulted in a quite negligible effect on the limit air temperature (less than 0.5°C), consistent for both WBGT limit values, whereas at higher (t r − t a ) values, an even smaller change in air velocity from 0.01 to 0.02 m s −1 resulted in a very significant shift of WBGT lim curves to higher air temperatures (about 2°C at WBGT lim = 29°C as shown in Fig. 9 ). This phenomenon appeared amplified at higher metabolic rates (WBGT lim = 26°C); in fact, according to the curves in Fig. 9 (bottom) , at w a = 10 g kg −1 , increasing the air velocity from 0.01 to 0.2 m s −1 resulted in a change of the maximum air temperature consistent with 8 h of continuous work from about 23° to over 27°C. As a consequence, a reliable smoothing is quite impossible due to the high sensitivity of the index to air velocity and the arbitrary choice of the air velocity threshold value consistent with the use of forced convection correlations (see Table 4 ).
CONCLUSIONS
Sixty years after its first formulation, the WBGT index remains the most user-friendly and widespread method for the preliminary assessment of hot thermal environments. In any case, as an empirical tool, it should not be used incorrectly or, worse, inappropriately in conditions different from those for which it was designed. In particular, this work has demonstrated that it is impossible to derive its evaluation indirectly from the main microclimatic quantities (air temperature, mean radiant temperature, humidity, and air velocity) because under natural convection up to three natural wet bulb temperature values can be obtained with the resulting ambiguity in the WBGT calculation. This phenomenon, well known in many engineering systems, is mainly due to the strong non-linear structure of heat and mass transfer equations, characterized by an evaporative term that exhibits a cusp shape under free convection conditions. Such an occurrence leads to a saddle-node bifurcation in the presence of even mild differences between the air temperature and the mean radiant temperature of the environment (situations which are very likely in the presence of hot surfaces and/ or windows). As a consequence, the same microclimatic situation characterized by a triplet of air temperature, mean radiant temperature, and humidity values can show up to three different t nw values. We cannot exclude a priori that such a phenomenon (predicted in a numerical way) takes place under real situations also (the same heat flow required for the evaporation can be obtained for different values of convective and radiative flows): only a special investigation under controlled conditions could confirm or exclude such occurrence. In any case, on the basis of these findings, WBGT index should be used under quiet air conditions only when a natural wet bulb thermometer is available. Conversely, under forced convection its indirect evaluation leads to an unambiguous evaluation of the environment. Finally, the ISO 7243 Standard should specify more clearly the equations needed to carry out such calculations. This would seem to be essential, especially since neither ISO 7726 nor ISO 7243 provide clear specifications about the air velocity limit value 
The 2D ODE system in equation (18) has been solved by means of a numerical 2D ODE solved based on the Runge Kutta Fehlberg algorithm (Press et al., 2007) . 
